I N T R O D U C T I O N
Although growth of E. coli (~~~~1 5 2 2 4 ; ~~3 0 8 ) on a mixture of glucose and fructose is not diauxic (Monod, 1942) , glucose dominates fructose utilization and the sugars are used sequentially (Clark & Holms, 1974) .
Glucose and fructose are translocated by the phosphoenolpyruvate sugar phosphotransferase system (PT-system) (Kundig, Ghosh & Roseman, 1964) and it would be expected, therefore, that control of utilization would be exerted at the PT-system level. Kornberg (1972 Kornberg ( , 1973 examined the control of the fructose PT-system by glucose and reported both repression and inhibition. In particular, the use of mutant strains provided convincing evidence that glucose 6-phosphate and fructose 6-phosphate were involved in the catabolite inhibition of fructose PT-system activity. Thus, in a medium containing glucose and fructose, glucose repressed fructose PT-system synthesis and the hexose phosphates inhibited the residual fructose PT-system activity until it was diluted out by growth (Kornberg, 1972 (Kornberg, , 1973 . However, Roseman (1969) suggested that the inhibition of the fructose PTsystem by glucose may involve competition between glucose and fructose for common components of the PT-system, and so the situation is at present unresolved.
In a preliminary communication (Clark & Holms, 1974) , we described the factors which allow E. coli ATCCI5224 to utilize gluccse and fructose sequentially without lag. In this paper we present a more detailed study of these factors and a probable mechanism for the inhibition by glucose of the fructose PT-system. CoCI,.6H20. NaOH (5 M, 125 ml) was added, the pH value was adjusted to 7.0 with 5 M-HCI, and the solution was made up to I 1 with distilled water.
The phosphate buffer part of the medium in 19.6 1 distilled water was made up in the apparatus and the whole autoclaved at 121 "C. The other components were sterilized separately and roo ml of each was added aseptically to the reservoir to give a final volume of 20 1.
Measurement of bacterial growth. Growth was followed turbidimetrically using a doublebeam spectrophotometer (SP800, Pye Unicam) at 420 nm. An extinction of 1.0 was equivalent to 196 pg dry wt bacterialml for cultures grown on both glucose and fructose.
Unmasking of PT-system activity. Chilled bacterial suspensions (I o ml) were blown on to roo pl of the required concentration of toluene or benzene in ethanolic solution in a chilled I 5 x I 40 mm test-tube. The mixture was mixed vigorously for 60 s (toluene) or 70 s (benzene) on a Whirlimixer (Scientific Instruments, International Inc. (U.K.)) and PT-system activities were determined.
Unmasking of PT-system activities by treatment with an ethanolic solution of toluene (Kornberg & Reeves, 1g72a, b) was unsatisfactory for E . coli ~~~~1 5 2 2 4 , since the activity unmasked depended initially on the concentralion of toluene (Fig. I) . A similar pattern was observed for fructose PT-system activity. Aspiration with oxygen-free nitrogen ( 100 ml min-l ; 2omin) to remove toluene decreased toluene inhibition of both glucose and fructose PT-systems but the activities unmasked by this method were not reproducible for E. coli Escherichia coli ATCCI 5224 treated with benzene in ethanol gave reproducible PT-system activities. In non-aspirated preparations, the activity unmasked increased to a maximum with 2-75 ,ul benzene/ml bacterial suspension and then decreased above 3-5 pl benzenelml bacterial suspension. Removal of benzene by aspiration with oxygen-free nitrogen gave constant, higher activity from 2-75 pl benzenelml bacterial suspension up to the highest level tested (Fig. 2) . A similar pattern was observed for fructose PT-system activity. The following method was therefore used :
Approximately 3 mg dry wt bacteria were removed, chilled in an ice-water slurry, harvested (I I 600 g; 10 min; 4 "C), resuspended in chilled buffer, harvested as before to remove residual sugar, and the pellet was stored on ice. Both glucose and fructose PT-system activities in bacteria so harvested were stable for at least 8 h. Within 7 h, the pellets were resuspended for assay in 15 ml chilled buffer. A portion (4 ml) of each suspension was used for turbidity measurement, and a further portion (10 ml) was blown from a pipette on to IOO ,ul of 35 % (v/v) benzene in ethanol in a chilled 15 x 140 mm test-tube and mixed vigorously for 70 s on a Whirlimixer. The tube was returned to the ice-bath, and the suspension was aspirated with water-saturated oxygen-free nitrogen (100 ml min-l; 20 min) to remove benzene, and assayed immediately for PT-system activity.
Measurement of PT-system activity. PT-system activity was assayed at 27 "C in plastic cuvettes of I cm light path (no. 40/1010; Walter Sarstedt (U.K.), Leicester LE4 7LZ) in a final volume of 1.5 ml using a Unicam SP800 double-beam spectrophotometer and Servoscribe chart recorder (Smith's Industries, Wembley, Middlesex).
Glucose PT-system activity (assay I ) . Assay buffer (0.2 M-N~H,PO, and 2 rn~-MgSo, adjusted to pH 7-2 with NaOH; 1.4 ml) containing 0-375prnol NADP, g pg glucose 6-phosphate dehydrogenase, I 5 pmol phosphoenolpyruvate (PEP), and 500 pl benzenetreated bacterial suspension, was equilibrated at 27 "C for 5 min. The reaction was started by addition of glucose (3 pmol, roo pl); controls lacked either PEP or glucose. NADPH production in test and controls was measured as the increase in E340 compared with a cuvette containing 500 pl benzene-treated bacterial suspension and assay buffer to 1-5 ml. Glucose or fructose PT-system activity (assay 2). Ferenci & Kornberg (1974) reported two fructose PT-systems (in E. coli K I~ strains) that gave fructose I-phosphate and fructose 6-phosphate respectively, but suggested that the PT-system producing fructose 6-phosphate was important only at high fructose concentrations. To avoid the difficulty of measuring the two fructose PT-systems separately, total fructose PT-system activity was assayed by the method below which does not differentiate the two systems. This method was also used for glucose PT-system assay under certain circumstances. Glucose PT-systems gave identical activities by assays I and 2.
Assay buffer (1.4 ml), containing 0.1 pmol NADH, g pg lactate dehydrogenase, 15 pmol PEP, and 500 pl benzene-treated bacterial suspension, was equilibrated at 27 "C for 5 min. The reaction was started by addition of either glucose or fructose (3 pmol, IOO 1.1) as required; control assays lacked either PEP or sugar. NADH oxidation was measured as the decrease in E34o compared with a cuvette containing 500 pl benzene-treated bacterial suspension, 0-1 pmol NADH and assay buffer to 1-5 ml, to correct for the slight NADH oxidase activity of the bacterial preparations.
Assay results were expressed as mu. enzymelml bacterial suspension; I enzyme unit represents the oxidation or reduction of I pmol of NADH or NADP respectively in I min under the assay conditions. Specific activity of PT-system enzymes is expressed as mu. enzymelmg dry wt bacteria.
Treatment with N-ethylmaleimide (NEM). This was done by a modification of the procedure of Haguenauer-Tsapis & Kepes (1973). After harvesting, the bacteria were washed and resuspended to a density of approximately 200 pg dry wt bacterialml in 20 ml chilled buffer. Chilled suspension (13 ml) and glucose or fructose (I ml, 1.5 pmol) were equilibrated at 27 "C for 10 min and NEM (0.5 ml, 3 pmol) was added. After 2 min further incubation,
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2-mercaptoethanol(o.5 ml, 75 pmol) was added and the mixture was chilled in an ice-water slurry before benzene treatment and assay of PT-system activities.
Measurement of glucose and fructose.
A 4 ml sample of culture was blown on to I ml chilled 30 % (wlv) perchloric acid, mixed and allowed to stand on ice for 10 min; then 3 ml chilled potassium hydroxide (I M) was added to return the pH to 7.0. The potassium perchlorate precipitate was removed (37 ooog; 4 "C; 10 min) and the supernate was decanted and stored at -20 "C until assayed.
Glucose was assayed at pH 7.2 in 0.2 M-NaH,PO,, 2 mM-MgSO,, 0.4 mM-ATP, 0'2 mM-NADP, hexokinase (3 pg ml-l), glucose 6-phosphate dehydrogenase (3 pg ml-l) in a final volume of 3 ml. The assay mixtures were incubated at 27 "C for 60 min and E340 determined in quartz cuvettes (I cm light path). Fructose was assayed in a similar manner to glucose, with addition of phosphoglucose isomerase (3 pg ml-l).
The assays were linear over the range 0-500 nmol glucose or fructose per assay. One mol of glucose or fructose in the assay gave an extinction of 2.07 x I O~.
Chemicals. All reagents were Analar or highest purity grade obtainable from BDH, except NADP, phosphoenolpyruvate, lactate dehydrogenase, glucose 6-phosphate dehydrogenase, phosphoglucose isomerase, hexokinase (Boehringer, London); ATP, NADH, cyclic adenosine 3' : 5'-monophosphate (free acid), glucose I -phosphate, glucose 6-phosphate, fructose 6-phosphate, fructose 1,6-diphosphate, 6-phosphogluconate (Sigma); chloramphenicol (Parke, Davies, Pontypool, Monmouthshire) ; and oxygen-free nitrogen (British Oxygen Co., Polmadie, Glasgow).
RESULTS A N D DISCUSSION

Response of the PT-systems to changes in growth media
Fructose-grown bacteria inoculated into fresh fructose/salts medium grew immediately and the initial glucose and fructose PT-system activities remained constant throughout the experiment (Fig. 3) ; but when bacteria were inoculated into glucose/salts medium, glucose PT-system activity increased and fructose PT-system activity fell (Fig. 3) . Growth on glucose was immediate despite the initially low glucose PT-system activity, and the growth rate remained constant over the range of glucose PT-system activities observed.
Glucose-grown bacteria inoculated into glucose/salts medium grew immediately and the initial glucose and fructose PT-system activities remained constant (Fig. 4) . Transfer into fructose/salts medium resulted in a very rapid increase in fructose PT-system activity to above the final value (fructose PT-system overshoot) whereas glucose PT-system activity fell (Fig. 4) . The fructose PT-system overshoot was prevented by chloramphenicol(o.3 mM), suggesting de novo synthesis of protein rather than activation of a precursor. The specific growth rates (0.91 h-l on glucose and 0.73 h-l on fructose) were constant even when the specific activities of the PT-system varied. The PT-systems must therefore be more efficient relative to their measured activities when these are low. We conclude that, while glucose and fructose PT-systems are constitutive, both respond to the presence of their respective substrates.
Efect of glucose on bacteria growing on fructose Glucose (3-5 mM) was added to fructose-grown bacteria inoculated into fresh fructose/salts medium. On addition, the growth rate was stimulated (to 0.91 h-l), synthesis of the fructose PT-system was repressed and that of the glucose PT-system induced (Fig. 5) . Fructose utilization slowed down, eventually ceased and did not recommence until nearly all the glucose had been utilized. At glucose exhaustion, the fructose PT-system overshoot occurred, glucose PT-system activity decreased and the growth rate returned to the original value (0.73 h-l). The addition of glucose (Fig. 5 ) completely inhibited fructose utilization after 15 to 30 min even though fructose PT-system activity was still high and this inhibition persisted until the glucose was nearly exhausted. The fructose PT-system overshoot (Fig. 5 ) may be responsible for the absence of diauxie when E. coli is growing on glucose and fructose. Such a rapid appearance of the fructose PT-system near glucose exhaustion could enable the bacteria to overcome any remaining glucose inhibition and allow a short period of co-utilization before the glucose was exhausted. We conclude that fructose and glucose are used sequentially because glucose both represses synthesis of the fructose PT-system and inhibits fructose entry into the bacterium. The presence of glucose results in induction of glucose PT-system synthesis and since the slight fall in fructose concentration following glucose addition (Fig. 5) was reproducible, induction of glucose PT-system synthesis is apparently required before glucose can totally inhibit fructose utilization.
Eflects of glucose addition to a turbidostat
Turbidostats were established in which fructose was fed at 3-2 mM, and the turbidity was maintained at IOO pg dry wt bacterialml. At this concentration, 1-2 mmfructose was utilized for growth (p = 0.73 h-l) and the excess fructose (2 mM) washed out in the effluent (Table  I) . Once glucose additions to the cultures were terminated, these values, and the specific activities for both glucose and fructose PT-systems characteristic of growth on fructose, were re-established. Glucose fed at 3.3 mM, i.e. 2 mM in excess of requirement, to a turbidostat established on fructose raised the growth rate, induced synthesis of the glucose PT-system, repressed synthesis of the fructose PT-system and inhibited fructose utilization ; but, when Sugar utilization in E. coli I97 Fructose PT-system, on glucose was withdrawn from the feed, fructose utilization recommenced and there was massive synthesis of fructose PT-system activity which temporarily overshot its normal value (Fig. 6) . These data and those from similar experiments are summarized in Table I . We conclude that glucose represses synthesis of the fructose PT-system and, when it is available in excess of the concentration required to support lug:?", repression of fructose PT-system synthesis is maximal. When the supply of glucose is limited, the repression of the fructose PT-system is diminished in proportion. In the same way, overshoot in fructose PT-system synthesis on withdrawal of glucose also depends on the previous degree of repression and is greatest when repression has been maximal. Thus the degree of catabolite repression directly determines both fructose PT-system synthesis and the magnitude of the overshoot when repression is relieved. Glucose is the preferred substrate in all circumstances and inhibits fructose utilization to that level which makes up the deficiency in glucose supply.
Efect of cyclic AMP
Cyclic AMP relieves catabolite repression of the lac operon in this strain under a variety of circumstances (Holms & Robertson, 1974) and might also affect glucose and fructose PT-system synthesis. When glucose was added to a culture of E. coli ATCCI5224 growing exponentially on fructose in the presence of cyclic AMP (Fig. 7) , glucose PT-system synthesis was more active and fructose PT-system synthesis less completely repressed than in the absence of cyclic AMP (Fig. 5) . Fructose utilization was still completely prevented while glucose remained. The growth rate was also stimulated (from 0.73 h-l to 0.91 h-l). We conclude that glucose metabolism represses synthesis of both glucose and fructose PT-systems by a mechanism which can be antagonized by cyclic AMP. Even when fructose PT-system activity was four times the repressed value, glucose metabolism completely inhibited fructose utilization. However, cyclic AMP prevented the fructose PT-system overshoot suggesting that this oversynthesis is due to the relief from catabolite repression responding to sudden changes in intracellular cyclic AMP levels on glucose exhaustion (Makman & Fig. 6 . Effect of glucose on a turbidostat of E. coli A T C C I~~ established on fructose. The culture was inoculated and grown without dilution up to the desired turbidity and then 3-2 mM-fructose was fed continuously for the remainder of the experiment. 3.3 mM-Glucose was added to the feed for 10 h (from 20 h to 30 h after inoculation, as indicated by the arrows). Steady-state conditions were apparently achieved after 4 h. Turbidity was maintained constant (100 pg dry wt bacterialml) by adjusting the dilution rate ( D ) so that it equalled the growth rate (pmax). PT-system activities: glucose (assay I), 0 ; fructose (assay 2 ) , A. Substrate utilization: glucose, 0 ; fructose, A.
Specific growth rate, 0. Table 2 . Inhibition of glucose and fructose PT-system activities in E. coli ATCCI 5224 by some sugar phosphates
Samples of E. coli grown on glucose or fructose media were harvested during the exponential growth phase and assayed for glucose (assay 2) and fructose (assay 2) PT-system activities respectively. Assay reactions were started by addition of substrate (glucose or fructose) I min after sugar phosphates (5 mM) had been added to the otherwise complete mixture. Glucose was assayed by assay 2 to permit study of the effects of glucose 6-phosphate and 6-phosphogluconate. Inhibition is expressed as the specific activity measured relative to that of the control.
Glucose PT-system in Fructose FT-system in glucose-grown bacteria fructose-grown bacteria Effect of glucose addition to a fructose plus cyclic AMP culture on €"-system activities and fructose utilization. Escherichiu coli ATCCI 5224, previously grown on fructose medium, was inoculated into 7 mM-fructoselsalts medium containing 5 mM-cyclic AMP, and 3.5 mM-glucose was added at the time indicated by the arrows. PT-system activities: glucose (assay I), 0 ; fructose (assay 2), A. Substrate concentrations: glucose, 0 ; fructose, A. of E. coli A T C C I~~ were therefore examined ( Table 2) . For this experiment glucose PT-system activity was determined by assay 2, so that the effects of glucose 6-phosphate and 6-phosphogluconate could be determined. Glucose I-phosphate, glucose 6-phosphate and fructose 6-phosphate inhibited glucose PT-system activity to a greater extent than fructose PT-system activity, unlike results obtained by Kornberg (1972) using a different strain in which these hexose phosphates exerted a strong inhibitory effect on fructose PT-system activity. It is therefore improbable that, at least in E. coli ATCCI5224, these hexose phosphates play a role in establishing glucose dominance. They are more likely to control the overall rate of uptake of glucose and fructose. Fructose 1,6-diphosphate and 6-phosphogluconate strongly inhibited fructose PT-system activity and may have a role in establishing glucose dominance. However, since they also inhibit the glucose PT-system activity ( Table 2) , they are more likely to control the rate of carbon flux into the cell. Table 3 . Efect of NEM on PT-system activities Escherichia coZi ATCCI 5224 was grown on glucose or fructose media and harvested during the exponential growth phase. To obtain a preparation in which a high fructose PT-system activity was subject to glucose dominance, a culture grown on 5 mM-glucose plus 5 mwcyclic AMP medium was harvested and grown in 5 mwfructose medium for 45 min, and then harvested again. The activities after NEM treatment (see Methods) in the absence or presence of 2 mwglucose, 2 mMfructose or both, are expressed relative (%) to an untreated control. Sensitization of PT-systems to inactivation by N-ethylmaleimide Haguenauer-Tsapis & Kepes (I 973) found that glucose specifically sensitized the glucose PT-system of E. coli K 1 2 to attack by N-ethylmaleimide. The same effect occurred in our strain (Table 3 ). The glucose PT-system in glucose-grown bacteria was sensitized to NEM by glucose but much less by fructose. Fructose did not interfere with the action of glucose in a mixture. The fructose PT-system in fructose-grown bacteria was sensitized to NEM by fructose but not by glucose which did not interfere with the action of fructose in a mixture. Bacteria grown in glucose with cyclic AMP had exceptionally high levels of glucose PTsystem activity. When such bacteria were transferred to fructose media, rapid synthesis of fructose PT-system activity ensued, and the bacteria possessed high levels of both fructose and glucose PT-systems; but fructose metabolism was inhibited if glucose was added to the system. Fructose sensitized fructose PT-system activity to NEM but glucose did not and, in a mixture, glucose prevented the sensitization of fructose PT-system activity by fructose (Table 3) . About 71 % of fructose PT-system activity which could be sensitized by fructose was protected by the simultaneous presence of glucose (Table 3) .
Bacteria grown on
When glucose was added to cultures of bacteria growing on fructose, the ability of fructose to sensitize the fructose PT-system to NEM progressively diminished (Fig. 8) . In contrast, fructose did not affect glucose sensitization of glucose PT-system activity (Fig. 8) . We conclude that glucose can interact with the fructose PT-system and that this property is present in those bacteria in which glucose 'dominates fructose utilization (Table 3) and appears progressively as dominance is established (Figs 5 and 8) .
Haguenauer-Tsapis & Kepes (1973) suggested that the sugar-specific enzymes I1 are the target for NEM and are sensitive to this agent when they are dephosphorylated. In this model, the substrate removes phosphate from its own specific enzyme I1 during operation of the PT-system and thus causes NEM sensitivity. If the model is correct, it follows that, in those bacteria in which glucose prevents sensitization of the fructose PT-system activity by fructose, the metabolism of glucose prevents the interaction of fructose with its own specific enzyme 11. The latter is thus maintained in a phosphorylated form and is therefore insensitive t o NEM. This model could also explain the results of Amaral & Kornberg (1975) with a mutant (DAI) of E. coli K2. I t in which the inhibition of fructose uptake by either glucose or glucose 6-phosphate is much reduced. This diminution in catabolite inhibition does not Sugar utilization in E. coli 201 extend to lactose or glycerol utilization and is specified by a gene which is highly cotransducible with those specifying a fructose-specific component of the PT-system and fructose 1-phosphate kinase.
Whatever the detailed mechanism in E. coli A T C C I~~ may be, it seems likely that an interaction between the two PT-systems denies fructose access to its own specific system and reinforces the control of the PT-systems by sugar phosphates. The sum total of these mechanisms permits glucose to dominate fructose utilization. At or near glucose exhaustion, very rapid synthesis of fructose PT-system activity allows a rate of fructose utilization sufficient to support growth without any observable diauxic lag.
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